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ABSTRACT Plasmodium falciparum is the major caus-
ative agent of malaria, a disease of worldwide importance.
Resistance to current drugs such as chloroquine and meflo-
quine is spreading at an alarming rate, and our antimalarial
armamentarium is almost depleted. The malarial parasite
encodes two homologous aspartic proteases, plasmepsins I
and II, which are essential components of its hemoglobin-
degradation pathway and are novel targets for antimalarial
drug development. We have determined the crystal structure
of recombinant plasmepsin II complexed with pepstatin A.
This represents the first reported crystal structure of a
protein from P. falciparum. The crystals contain molecules in
two different conformations, revealing a remarkable degree of
interdomain flexibility of the enzyme. The structure was used
to design a series of selective low molecular weight compounds
that inhibit both plasmepsin II and the growth of P. falciparum
in culture.

Malaria, a disease caused by parasites of the genus Plasmo-
dium, is among the most widespread infectious diseases in the
world, afflicting several hundred million and killing nearly 2
million people, mainly children, each year (1). The malaria
parasite Plasmodium falciparum invades erythrocytes and con-
sumes nearly all of its host’s hemoglobin as a source of nutrients
during growth and development (2). Hemoglobin is catabolized
in an acidic digestive vacuole of the parasite. Many of the current
antimalarial agents, such as chloroquine, appear to act by dis-
rupting vacuolar functions (3). However, evolution of the ability
to prevent vacuolar accumulation of weak bases has led to the
emergence of drug-resistant strains of P. falciparum (4).
Hemoglobin degradation is mediated by the action of
several vacuolar digestive enzymes. A cysteine protease has
been identified in P. falciparum, based on the fact that
cysteine protease inhibitors block the action of a 28-kDa
protease and cause accumulation of undigested hemoglobin
and parasite death in culture (5). Two aspartic proteases of
P. falciparum have been implicated in the initial steps of the
hemoglobin degradation process (6-8). The first protease,
plasmepsin I (Plm I), appears to make a strategic initial
cleavage that presumably leads to an unraveling of the native
hemoglobin structure such that further proteolysis can rap-
idly proceed. Plasmepsin II (Plm II), the second aspartic
protease, is capable of cleaving native hemoglobin but is
more active against denatured or fragmented globin, such as
that produced by the action of Plm I. The genes for both
plasmepsins have been characterized (6, 8). They encode
proteins with sequence homology to mammalian aspartic
proteases such as cathepsin D (Cat D) and renin, and are
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73% identical to each other. A peptidomimetic inhibitor of
PIm I blocks hemoglobin degradation in culture and kills the
parasite, validating this pathway as a target for antimalarial
drug development (6).

Pepstatin A, a general inhibitor of aspartic proteases of
microbial origin (9), was reported to inhibit hemoglobin
degradation by extracts of digestive vacuoles of P. falciparum
(7). Using recombinant Plm II, we have determined the
inhibition constant, K;, for pepstatin A to be 0.006 nM. The
high potency of pepstatin A suggests that this compound
could serve as an excellent lead for the design of novel and
selective antimalarial compounds. To provide a structural
framework for subsequent structure-based design, we deter-
mined the molecular structure of Plm II in complex with
pepstatin A.

MATERIALS AND METHODS

The full proenzyme coding region for Plm II (8) was cloned
into pET vector 22B (Novagen) and sequenced in their en-
tirety. Protein was expressed in Escherichia coli BL21/DE3,
purified from inclusion bodies, refolded, and activated as
described (10, 11). Kinetics assays were performed using a
fluorogenic substrate, DABCYL-Glu-Arg-Met-Phe-Leu-Ser-
Phe-Pro-EDANS, synthesized as described (12). This substrate
was designed to mimic the primary hemoglobin cleavage site
common to both PIm I and PIm II (7). Kinetics were performed
as described (12) and analyzed using a model for tight binding
inhibitors (13).

Recombinant Plm II in 100 mM Tris (pH 6.5) was concen-
trated and then incubated overnight at 4°C with a 10-fold
molar excess of pepstatin A dissolved in dimethyl sulfoxide.
The final dimethyl sulfoxide concentration was 10%. Crystal-
lization of the complex was performed at 20°C using the
vapor-diffusion hanging-drop technique. Drops were prepared
by mixing 2 ul of protein-inhibitor solution at approximately
10 mg/ml with an equal volume of reservoir solution contain-
ing 0.1 M phosphate buffer (pH 6.5) and 47% (NH4)2SOs4.
Hexagonal rod-shaped crystals appeared within several days;
belonged to space group P3;21, witha = b = 104.1 Aand ¢ =
97.6 A; and contained two molecules in the asymmetric unit.
Crystals were transferred to artificial mother liquor containit:g
25% glycerol. X-ray diffraction data extending to 2.7
resolution were collected at —180°C on an imaging plate area
detector (Rigaku Co., Japan; model R-AXIS IIC). The x-ray
source was a Rigaku RU200 rotating anode generator oper-
ating at 50 kV and 100 mA, with a double focusing mirror

Abbreviations: Plm I and II, plasmepsins I and II; rmsd, root-mean-
square deviation; Cat D, cathepsin D.

Data deposition: The atomic coordinates have been deposited in the
Protein Data Bank, Chemistry Department, Brookhaven National
Laboratory, Upton, NY 11973 (reference 1SME).
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system. A complete data set was collected from two single
crystals using a crystal-to-detector distance of 140 mm and
exposure times of 40 min for 1.5° oscillations. X-ray diffraction
data processing was performed using the programs DENZO (14)
and SCALEPACK (15). The data set contained 22,465 unique
reflections out of a total of 63,000 measured reflections and
was 77% complete to 2.7 A resolution [/ > 2 o([)]. The overall
Rmerge Was 9.4%. The structure was determined by molecular
replacement using the program AMORE (16) and the structure
of human Cat D (17) as a search model, and was refined using
the program XPLOR (18). The refined model includes two
protein molecules, two inhibitors, and 115 water molecules.
The final R factor is 19.8% for all reflections between 8.0 A and
2.7 A after group temperature factor refinement for the
protein molecules and individual isotropic temperature factor
refinement for inhibitors and water molecules. The deviations
of the irotein model from ideal geometric parameters are
0.011 for bond lengths, 2.1° for bond angles, 26.9° for
dihedral angles, and 1.5° for improper angles. The average
temperature factors for protein, inhibitor, and solvent mole-
cules are 16.6, 12.5, and 15.4 AZ, respectively.

RESULTS AND DISCUSSION

The structure of Plm II has the typical bilobal shape and
topology of eukaryotic aspartic proteases (Fig. 1) (19). The
single chain of 329 amino acids is folded into two topologically
similar N- and C-terminal domains related by a pseudo 2-fold
rotation axis. The domains contact each other along the
bottom of the binding cleft that contains the catalytic dyad,
Asp-34 and Asp-214. A B-hairpin structure, known as the
“flap,” lies perpendicular over the binding cleft and interacts
with substrates and inhibitors. The N and C ends of the
polypeptide chain of PIm II are assembled into the character-
istic six-stranded interdomain B-sheet. Plm II contains two
disulfide bridges, Cys*’-Cys*? and Cys***-Cys?®. The latter is
conserved among all eukaryotic aspartic proteases, whereas
the N-terminal disulfide is conserved only among mammalian
enzymes, suggesting a closer evolutionary relationship of the
malarial enzymes to their mammalian rather than fungal
counterparts. A unique feature of Plm II is the substitution of
Ser for Thr at residue 215 in the Asp-Thr-Gly signature sequence
for the C domain. Ser has also been observed at this position in
some retroviral aspartic proteases that are homodimeric en-
zymes; however, its functional significance is unclear.

There are two Plm II molecules in the crystallographic
asymmetric unit and they do not display the same confor-
mation (Fig. 2). The root-mean-square deviation (rmsd) for
the superposition of all 329 corresponding C* atoms of both
molecules is 0.93 A. Individual superposition of C* atoms of
the N or C domains result in rmsd values of 0.44 A (266 C«
atoms) and 0.72 A (40 C* atoms), respectively¥. Rigid body
analysis indicates that the conformations of the two crystal-
lographically independent molecules can be related by a
relative rotation of 5.2° between the N and C domains, about
an axis approximately passing through C* atoms of Thr-221
and Gly-291. The translation in the direction of the rotation
axis is negligible. After superposition of both molecules on
their N-terminal domains, equivalent C* atoms on the C
domain are displaced up to 3.8 A. Despite these differences,
pepstatin A displays the same interactions with the enzyme
in both conformations. These two conformational states
demonstrate an intrinsic interdomain flexibility of PIm II. In
fact, interdomain motion of the magnitude observed here

¥The superposition of the molecules was done using a McLachlan
procedure (20) with an automatic selection of atoms based on the
iterative minimization of the function F = rmsd/N, where N is the
number of atoms involved in the calculation. An implementation of
the method can be found at http://ugbar.ncifcrf.gov.
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FiG. 1. Ribbon model of Plm II color-coded for secondary struc-
tural elements. The B-hairpin “flap” (light blue) and the proline-rich
loop (red) are two typical motifs in aspartic proteases. A molecule of
pepstatin A, shown in a full atom representation, is at the binding cleft
which runs between the homologous N (left) and C (right) domains.
The domains interact at the two y-loops, which contain the active site
Asx residues (side chains in red), and also form a six-stranded
antiparallel B-sheet, underneath the active site (yellow arrows parallel
to the plane of the paper).

has also been detected in a number of proteins (21). Such
flexibility may be important for the ability of Plm II to
recognize and bind specific sequences on the native hemo-
globin molecule. Previous studies have indicated that hemo-
globin degradation proceeds in an ordered fashion with the
first cleavage occurring in the native molecule between
Phe-33 and Leu-34 in the hinge region of the a chain (7).
Prolonged incubation of hemoglobin with purified Plm II
results in cleavages between Phe-33/Leu-34, Thr-108/Leu-
109 and Leu-136/Thr-137 in the « chain, and Leu-32/Val-33
in the B chain. In the tetrameric form of hemoglobin, none
of these sites are surface-accessible. However, the 33 /34 site
is exposed in the isolated a/B dimer and monomeric forms
of hemoglobin which can be favored at the low pH levels
within the digestive vacuole (22). Preliminary docking stud-
ies suggest that some structural rearrangement of PIm II will
be required to facilitate binding of the hinge region of
hemoglobin. Different interdomain displacements among
the aspartic protease family have been loosely taken as
evidence for flexibility of these enzymes and have been
proposed to be related to the range of specificity of these
enzymes (23-25). The large relative displacements between

F1G. 2. C* model of the two conformers of Plm II. The molecules
were superimposed using C* atoms of the N-terminal domain. Dis-
tances between equivalent C* atoms, after the superposition, are color
coded blue to red corresponding to the range 0.0-4.0 A.
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F1G. 3. Structure-based alignment of the amino acid sequences of PIm I, PIm II, and human Cat D. The structural alignment between Plm II,
in closed conformation between the C and N domains, and Cat D was performed in two steps. First, the amino acid sequences were aligned according
to the conserved amino acids, and the C* atoms of those pairs were superimposed. Then, in an iterative procedure, all C* atom pairs closer than
1.5 A were used to compute the superposition transformation, the molecules were superimposed, and pairs closer than 1.5 A were computed again.
The process was finished when the number of distance-equivalenced pairs remained constant. There are 212 pairs of equivalent C* atoms at a
distance less than 1.5 A (rmsd = 0.7 A) and 126 at a distance less than 0.75 A (rmsd = 0.49 ). The vertical bars between Plm II and Cat D sequences
indicate pairs closer than 1.5 A, and the stars indicate pairs closer than 0.75 A. The rmsd for all 318 pairs in the alignment is 1.97 A, and 126 pairs
correspond to conserved amino acids. Plm I and PIm II sequences were aligned by matching conserved amino acids.

domains of the two crystallographically independent Plm II
molecules observed here provide direct evidence of the
segmental mobility of this enzyme.

Plm II has a high sequence homology with mammalian
aspartic proteases. In particular, its highest homology is with
human Cat D; they have 116 amino acids in common or 35%
identity (Fig. 3). However, a considerably higher degree of
homology at the active sites is evident upon structural com-
parison of the pepstatin A complexes of Plm II and Cat D (17)
(Fig. 4 A and B), and a few significant changes are balanced.
For instance, Gly-79 in Cat D, at the tip of the flap, has been
replaced by Val-78 in Plm II. A compensating substitution
from the C-domain region, Met-309 in Cat D for Leu-292 in
PIm II, keeps the narrowest section of the binding cleft at the
same width, 4.7 A, as measured between closest side chain
carbon atoms. Phe-126 in Cat D at the S1 site$ has been
substituted by Phe-111 in Plm II. That is, despite the fact that
these amino acids do not occupy equivalent positions on the
sequence or in the structural alignment (Fig. 3), their phenyl
rings form the same binding subsite. The central part of
pepstatin A is bound in a similar manner to Cat D and to Plm
II, but there are differences at both ends of the molecule.
Met-307, which forms part of the S4 subsite in Cat D, is
substituted by Ile-290 in PIm II, which results in different
conformations of the isovaleryl residue at the N terminus of
pepstatin A. Conformational differences at the C terminus of
pepstatin A are due to the presence of Val-78 at the tip of the
flap and to the substitution of Ile-311 in Cat D by Phe-294 in
PIm II. These two changes create a smaller S3’ pocket in Plm
II that cannot accommodate the terminal statine side chain as
readily as that in Cat D. Overall, the changes in the bound
conformation are such that pepstatin A displays a larger solvent
accessible area in Plm II than in Cat D, 289 A? and 182 A?
respectively¥. The “proline-rich” loop (292-300) which in the
homologous renin and Cat D structures consists of three con-
secutive Pro residues, forms a portion of the binding site. In Plm
I1, the connecting B-strands of this loop are shorter than in most

aspartic proteases, and the loop contains only two Pro residues
separated by a Val residue. Unlike in Cat D (17) and renin (28),
both of the Pro residues participate in trans peptide linkages.

The homology between the plasmepsins and Cat D
prompted us to investigate whether cross-inhibition would be
observed with a panel of linear and cyclic inhibitors of Cat D
which contain modified statine motifs (unpublished data).
Compounds 1-5 (Fig. 5), which have inhibition constants
ranging from 0.02 to 1.4 nM for Cat D, were chosen to reflect
a wide range of predicted relative binding affinities for Plm II
based on preliminary docking experiments. Measured K; val-
ues range from 0.04 to 1500 nM for Plm II (Fig. 5). The linear
compounds 1-3 are based on the structure of pepstatin A, with
a 4(s)-amino-3(s)-hydroxy-5-phenylpentanoic acid rather than
a statine motif at the P1-P1’ positions. Compound 1 has the
highest similarity with pepstatin A and is the best of the three
linear inhibitors, both for Cat D and Plm II. Compound 4,
which contains an 8 atom bridge between the P3 and P1 positions,
is a subnanomolar inhibitor of Plm II, as well as of Cat D. The S3
and S1 subsites are contiguous and relatively unobstructed in both
enzymes and thus afford cyclization strategies for inhibitor design.
The P2-P3’ bridged compound 5, which was included in the test
panel as a negative control, is a weak inhibitor of Plm II. Modeling
analysis suggests that the side chain of Val-78 in Plm II, at the tip
of the flap, would interfere with the binding of the cyclic portion
of this compounds.

Despite the nanomolar to sub-nanomolar inhibitory potency
of compounds 1-4 with Plm II, only compound 1 exhibited
antimalarial activity in cell culture assays (Fig. 5). Based on
Fig. 5 and structural models of the docked inhibitors with PIm
II and Cat D, inhibitors 6-8 were designed to improve
solubility and cell penetrability. A key feature of these com-
pounds is their smaller size, which results in some loss of
enzyme inhibitory potency. The most potent compound
against Plm II, compound 7, is also the best inhibitor of P.
falciparum in culture. Another interesting aspect of these
compounds is their improved specificity toward Plm II. That is,

§The nomenclature of Schechter and Berger (26) is used to describe
the locations, P-P’, of side-chain substituents of the inhibitor and the
corresponding S-S’ subsites, or binding pockets, in the enzyme.

TSolvent-accessible areas were computed using the program M (27),
with a 1.8 A radius probe. M and a discussion of the surface area
algorithm are available at http://uqgbar.ncifcrf.gov.
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FiG. 4. Stereoview of binding clefts. Pepstatin A is in pink and side chains are color coded according to their polarity: gray for hydrophobic,
yellow for polar, red for acidic, and blue for basic. Note the active site Asp residues in the center of each figure and below the tip of the flap,
interacting with a statine hydroxyl. Plm II (4), Cat D (B), and Plm I (C) model-built by homology to the Plm II structure. Only side chains that
differ from Plm II have been labeled.
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FiG. 5. Inhibition of Plm II, human Cat D, and P. falciparum
growth in a human erythrocyte assay. Inhibition constants, Kj, were
measured as described in the text. Growth inhibition of P. falciparum
clone HB-3 trophozoites in human erythrocytes was measured by an
hypoxanthine incorporation assay as described (6).

14 ndr

o

COAlaLeuNH, 0.56 21 54

whereas compounds 1-4, which were designed using the Cat D
structure, have similar inhibitory potency toward Cat D and
Plm II, compounds 6-8 are, on average, 20 times more potent
toward Plm II than toward Cat D.

The structures of Plm II and its homology-modeled relative,
PIm L,/ reveal highly homologous active sites (Fig. 4 4 and C),
which explains their similar cleavage site preferences (7). Only
three amino acid differences that would directly affect a
pepstatin-like inhibitor were observed between the binding
clefts. Phe-294 in Plm II becomes Leu in Plm I, creating a
larger S3’ pocket in the latter, similar to that observed in Cat

IA full model of Plm I was built based on the structure of Plm II, by
substitution of non-identical side-chains using the program QUANTA
(Molecular Simulations, Inc.). Only the orientation of substituted
side-chains was optimized.

Proc. Natl. Acad. Sci. USA 93 (1996)

D. Also, Leu-292 in Plm II, which together with Val-78 closes
the binding cleft around pepstatin A, becomes Val in Plm I,
thus generating a binding cleft slightly more open than that in
either Cat D or Plm II. The third substitution is Thr-114 in PIm
II for Ala-114 in Plm I, which creates a larger and more
hydrophobic S3 subsite in Plm I. These few differences be-
tween Plm I and Plm II, at the binding cleft, suggest that
pepstatin A should bind in a similar manner to both enzymes.

Our results provide a structural framework for the design of
selective inhibitors of plasmepsins and, somewhat unexpect-
edly, provide direct experimental evidence for interdomain
flexibility. Previous comparative studies of aspartic proteases
in different crystal forms have indicated a minor degree of
conformational flexibility in these enzymes (23). However, the
magnitude of the subdomain displacement seen for Plm II in
the same crystal is much larger than these examples and places
new limits on subdomain movement in these enzymes. Struc-
tural differences in the active sites of PIm II and Cat D were
used to rationalize differential inhibition of these enzymes and
can be exploited for drug design. The demonstration that
potent and relatively selective inhibitors of Plm II also inhibit
the growth of P. falciparum in cell culture strongly supports the
concept that inhibition of plasmepsins is a viable strategy for
antimalarial therapy.
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